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We have previously shown that a recombinant baculovirus that displays Plasmodium berghei circamsporo-
zoite protein (PbCSP), a homolog of the leading human malaria vaccine candidate, on the viral envelope
protected 60% of mice against P. berghei infection. Here, we describe a second-generation baculovirus vaccine
based on the “baculovirus dual expression system,” which drives PbCSP expression by a dual promoter that
consists of tandemly arranged baculovirus-derived polyhedrin and mammal-derived cytomegalovirus promot-
ers. The baculovirus-based PbCSP vaccine not only displayed PbCSP on the viral envelope but also expressed
PbCSP upon transduction of mammalian cells. Immunization with the baculovirus-based PbCSP vaccine
elicited high PbCSP-specific antibody titers (predominantly immunoglobulin G1 [IgG1] and IgG2a) and
PbCSP-specific CD8" T-cell responses without extraneous immunological adjuvants in mice, indicating that
there was induction of both Thl and Th2 responses (a mixed Th1/Th2 response). Importantly, upon intra-
muscular inoculation, the baculovirus-based PbCSP vaccine conferred complete protection against sporozoite
challenge. Thus, the baculovirus-based PbCSP vaccine induced strong protective immune responses against
preerythrocytic parasites. These results introduce a novel concept for the baculovirus dual expression system
that functions as both a subunit vaccine and a DNA vaccine and offer a promising new alternative to current

human vaccine delivery platforms.

Malaria, which is transmitted by anopheline mosquitoes, is
an enormous public health problem worldwide and every year
kills 1 to 2 million people, mostly children residing in Africa.
Moreover, global warming and deterioration of public hygiene
caused by natural disasters (e.g., cyclones, earthquakes, and
tsunami) are major concerns for increased risk of malaria out-
breaks in malaria-free areas where residents have no natural
immunity against the parasite. The few tools presently avail-
able for control of malaria are largely limited to insecticide-
treated bed nets and treatment of clinical episodes with anti-
malarial drugs. Clearly, an effective vaccine for the control of
malaria is urgently needed. Many malaria vaccine candidate
antigens, adjuvants, and virus-vectored systems have been de-
veloped or have been in development over the past 20 years,
and only RTS,S antigen formulated with either the AS02A or
ASO1E adjuvant system consistently confers partial protective
immunity against infection by Plasmodium falciparum in pop-
ulations in areas where malaria is endemic (4, 8). Further
improvement of vaccine efficacy may be achieved by develop-
ing novel adjuvants and/or vector systems.

The baculovirus Autographa californica nucleopolyhedrosis
virus (AcNPV) is an enveloped, double-stranded DNA virus
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that naturally infects insects. A typical AcNPV particle consists
of a rod-shaped nucleocapsid that is 40 to 50 nm in diameter
and 200 to 400 nm in long. AcNPV has long been used as a
biopesticide and as a tool for efficient production of recombi-
nant complex animal, human, and viral proteins that require
folding, subunit assembly, and extensive posttranslational
modification in insect cells (33, 34). From a biological safety
perspective, AcCNPV has emerged as a new vaccine vector with
several attractive attributes, including (i) low cytotoxicity, (ii)
an inability to replicate in mammalian cells, and (iii) an ab-
sence of preexisting antibodies. In recent years, AcCNPV has
been engineered for application in the following two expres-
sion systems.

One system is a baculovirus display system for expression of
complex eukaryotic proteins on the surface of the viral enve-
lope in a manner that is analogous to the manner of expression
in the bacterial phage display system. This baculovirus display
system (known as “baculophage™) involves fusion of the target
protein to the N terminus of gp64, the major envelope protein
of AcNPV, and provides a tool for analysis of protein-protein
interactions and cell-specific targeting in gene transfer (17).
Using this baculophage system, vaccine candidate antigens,
such as human immunodeficiency virus gp41 (20), rubella virus
spike protein (36), and porcine circovirus type 2 capsid protein
(19), have been expressed successfully with near-native forms,
and some of them induced high titers of antigen-specific anti-
bodies. In terms of vaccine efficacy in vivo, we have shown that
the first generation of the AcNPV-based vaccine, which dis-
plays Plasmodium berghei circumsporozoite protein (CSP) on
the viral envelope, protected 60% of the mice tested against
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malaria infection, indicating that the baculophage system is a
powerful vaccine delivery system (59).

The other expression system is a gene delivery system for
mammalian cells. In 1995, Hofmann et al. (25) showed for the
first time that recombinant AcNPV that contains the cytomeg-
alovirus (CMV) promoter is able to transduce human hepato-
cytes and drive expression of a reporter gene under the control
of this promoter. For the past decade, AcNPVs that harbor
appropriate eukaryotic promoters (known as “BacMam” virus)
have been studied widely for DNA transfection in several types
of mammalian cells in vitro (3, 7, 10, 16, 25, 39, 44, 50, 54). In
contrast to these studies of gene delivery into cultured mam-
malian cells, a few studies have shown the effectiveness of
BacMam as a vaccine vector in vivo. Abe et al. have reported
that, although BacMam that expresses the influenza virus hem-
agglutinin gene confers protection against influenza in mice,
similar protection is also provided by wild-type AcNPV (2). In
the case of influenza virus, activation of innate immunity by
AcNPYV may be sufficient to protect against virus infection. In
fact, AcNPV itself has strong adjuvant properties, including
promotion of humoral and cellular immune responses against
coadministered antigens, dendritic cell (DC) maturation, and
production of inflammatory cytokines (23).

To improve the partial malaria vaccine efficacy obtained in
our previous study using the baculophage system (59), we have
developed the “baculovirus dual expression system,” which
combines the immunological advances of the baculophage and
BacMam systems. Here, we describe the development of a
second-generation AcNPV vaccine based on the baculovirus
dual expression system, which is capable of displaying P.
berghei CSP (PbCSP) on the viral envelope and expressing it
upon transduction of mammalian cells. We showed that the
AcNPV-based PbCSP vaccine elicited PbCSP-specific humoral
and cellular immune responses and consistently conferred
complete protection against sporozoite challenge in mice.
These results demonstrate that the baculovirus dual expression
system provides an avenue for developing a novel vaccine de-
livery platform not only for malaria but also for other infec-
tious diseases.

MATERIALS AND METHODS

Cell lines. Sf9 cells were maintained at 27°C in SF900-II medium (Invitrogen,
San Diego, CA) supplemented with antibiotics. COS7 and HepG2 cells were
maintained at 37°C in Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 10% (vol/vol) heat-inactivated fetal bovine serum, 2 mM L-glu-
tamine, and antibiotics (complete medium).

Recombinant protein. For expression and purification of recombinant PbCSP
(rPbCSP), a gene that encoded amino acids 21 to 305 of PbCSP, which lacked the
N-terminal signal peptide and C-terminal glycosylphosphatidylinositol signal se-
quence, was excised from pcDNA-CS87 (58) by digestion with BamHI and Notl,
inserted into the BamHI/NotI sites of pET32-b(+) (Novagen, Madison, WI), and
expressed as a thioredoxin fusion protein. rPbCSP was produced and solubilized
under denaturing conditions using 6 M guanidine-HCl and then purified by
affinity chromatography on a Ni-nitrilotriacetic acid column (Qiagen, Hiden,
Germany), followed by dialysis against phosphate-buffered saline (PBS) as de-
scribed previously (60). The purity of the protein was checked by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and the protein yield was estimated
by comparison with bovine serum albumin standards. The highly purified rPbCSP
was used as an enzyme-linked immunosorbent assay (ELISA) antigen.

Recombinant baculoviruses. PCR was performed with pBACsurf-1 (Novagen)
as the template by using primers pPolh-F2 (5'-CACCCGGACCGGATAATTA
AAATGATAACCATCTCGCAAATAAATAAG-3', with a newly created RsrlI
site indicated by underlining) and pgp64-R2 (5'-GGTACCATATTGTCTATT
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ACGGTTTCTAATCATAC-3', with a newly created Kpnl site indicated by
underlining). A 1.7-kb fragment of the gp64 gene was inserted in pENTR/D-
TOPO (Invitrogen) to construct the plasmid pENTR-gp64. A 2.4-kb fragment of
the PbCSP-gp64 fusion gene was excised from pBACsurf-CSP (59) by digestion
with Pstl and Kpnl and inserted into the Pstl/Kpnl sites of pENTR-gp64 to
construct the plasmid pENTR-PbCSP-gp64. A 2.6 kbp fragment of the poly-
hedrin promoter-PbCSP-gp64 fusion gene cassette was excised from pENTR-
PbCSP-gp64 by digestion with RsrIl and Kpnl and inserted into the RsrII/Kpnl
sites of pTriEX-3 (Novagen) to construct the transfer plasmid pTriEx-PbCSP-
gp64. To construct a baculovirus transfer vector, pPBAC-CMV-PbCSP, a 1.8-kb
fragment of the CMV promoter-PbCSP gene cassette was excised from pcDNA-
CS87 (58) by digestion with BglII and Xhol and inserted into the BglII/Xhol sites
of pBACgus-1 (Novagen). The recombinant baculoviruses AcNPV-Dual-PbCSP
and AcNPV-CMV-PbCSP were generated in Sf9 cells by cotransfection of the
recombinant transfer plasmids pTriEX-PbCSP-gp64 and pBAC-CMV-PbCSP,
respectively, with BacVector-2000 DNA (Novagen) used according to the man-
ufacturer’s protocol. The recombinant baculovirus AcNPV-PbCSPsurf has been
described previously as AcNPV-CSPsurf (59). Purification of baculovirus parti-
cles was performed as described previously (59). The purified baculovirus par-
ticles were free of endotoxin (<0.01 endotoxin unit/10° PFU), as determined by
use of an Endospecy endotoxin measurement kit (Seikagaku Co., Tokyo, Japan).

Immunoblotting. The protein samples were separated on a 6% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis gel, transferred to an Immobilon
transfer membrane (Millipore, Bedford, MA), and probed with anti-PbCSP
monoclonal antibody (MAb) 3D11 specific for the repeats of PbCSP (MR4,
Manassas, VA) or anti-gp64 MAb (BD Biosciences, Bedford, MA). Bound
antibodies were subsequently detected as described previously (59).

Immunoelectron microscopy. Purified virus samples were absorbed onto car-
bon-coated copper grids and incubated with anti-PbCSP MAb 3D11 for 1 h. The
grids were incubated with goat anti-mouse immunoglobulin G (IgG) labeled with
5-nm gold particles (British BioCell International, Cardiff, United Kingdom).
Unbound gold conjugates were removed by five sequential 2-min washes with
PBS. The virus-immunogold complexes were then negatively stained by incuba-
tion of the grids for 4 min in 2% phosphotungstic acid (pH 7.2). Excess stain was
removed, and the grids were air dried. Images of viruses were obtained with a
JEM 1200EX transmission electron microscope (JEOL, Tokyo, Japan).

Indirect fluorescence assay (IFA). COS7 cells were seeded at a density of 5 X
10* cells/well in a collagen type I-coated eight-well chamber slide (BD Bio-
sciences) and transduced with purified baculovirus particles at a multiplicity of
infection of 10. After 48 h of incubation, cells were fixed for 15 min in cold
acetone-methanol (6:4) and incubated with anti-PbCSP MAb 3D11 and then
with fluorescein isothiocyanate-conjugated goat anti-mouse IgG (Biosource In-
ternational, Camarillo, CA). For nuclear staining, the slides were covered with a
drop of Vectashield with DAPI (4',6'-diamidino-2-phenylindole) (Vector Labo-
ratories, Burlingame, CA). Bound antibodies were detected by fluorescence
microscopy.

Animals and immunization. Female BALB/c mice were obtained from Nippon
Clea (Saitama, Japan) and used at 7 to 8 weeks of age in all experiments. Mice
were immunized intramuscularly three times at 3-week intervals with 1 X 10%
PFU of AcNPV-Dual-PbCSP, AcNPV-PbCSPsurf, or wild-type AcNPV
(AcNPV-WT). All methods used for care and handling of the animals were in
accordance with the guidelines for animal care and use prepared by Jichi Medical
University and Otsuka Pharmaceutical.

Antibody assay. Sera from immunized mice were collected by tail bleeding 2
weeks after the final immunization, prior to sporozoite challenge. PbCSP-specific
antibodies present in prechallenge sera were quantified by ELISA. Precoated
ELISA plates with 100 ng/well rPbCSP were incubated with serial dilutions of
sera from immunized and control mice. Specific IgG was detected by using
horseradish peroxidase-conjugated goat anti-mouse IgG(H+L) (Bio-Rad, Her-
cules, CA). For determination of the IgG subclasses of anti-PbCSP antibodies,
horseradish peroxidase-conjugated rabbit anti-mouse IgG1, IgG2a, IgG2b, and
1gG3 antibodies (Zymed Laboratories, San Francisco, CA) were used. The plates
were developed with a peroxidase substrate solution [H,0, and 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonate)]. The optical density at 414 nm of each well
was determined using a plate reader. Endpoint titers were expressed as the
reciprocal of the highest sample dilution for which the optical density was equal
to or greater than the mean optical density of nonimmune control sera.

For the P. berghei sporozoite-specific antibody assay, the serum samples were
tested by the IFA using air-dried, methanol-fixed sporozoites as described pre-
viously (14).

Sporozoite neutralization assay. HepG2 cells were seeded at a density of 5 X
10* cells/well in a collagen type I-coated eight-well chamber slide (BD Bio-
sciences) 48 h prior to the addition of sporozoites. The sporozoite neutralization
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FIG. 1. Schematic diagram of AcNPV-Dual-PbCSP genome structure. A gene cassette that consisted of the gp64 signal sequence (SP), the
PbCSP gene (PbCSP,, 5ys) fused to the N terminus of the AcNPV major envelope protein gp64 gene (gp64,,.s:,), and the rabbit B-globlin
poly(A) signal [Poly(A)] was used. Expression of the gene cassette was driven by the dual promoter, which consisted of the CMV immediate early
enhancer-promoter (pCMVie) and the polyhedrin promoter (pPolh). AcNPV-Dual-PbCSP also had the endogenous gp64 gene in its genome. The
numbers indicate the amino acid positions of the PbCSP-gp64 fusion protein and endogenous gp64. FLAG, FLAG epitope tag; PbCSP,, 35,
PbCSP region corresponding to amino acids 21 to 305; gp64,,_5,,, gp64 region corresponding to amino acids 21 to 512; J, junction consisting of

29 unrelated amino acid residues; HS, His tag; pgp64, gp64 promoter.

assay was performed using previously described methods (31). Sporozoites (5 X
103 cells) isolated from the salivary glands of mosquitoes were incubated with
mouse immune sera and then added to HepG2 cultures. After 72 h of incubation,
total RNA was extracted using a QIAamp RNA blood mini kit (Qiagen, Hiden,
Germany), and quantification of P. berghei 18S rRNA was performed by real-
time reverse transcription-PCR as described previously (11).

ELISPOT assay. Splenocytes were obtained from mice immunized intramus-
cularly with AcNPV-based vaccines 2 weeks after the third immunization.
PbCSP-specific gamma interferon (IFN-y)-producing cells in splenocytes were
determined by an enzyme-linked immunospot (ELISPOT) assay using the H2-K¢
restricted peptide Pb9 (SYIPSAEKI) of PbCSP for in vitro stimulation according
to previously described methods (12). Spot-forming cells were enumerated using
the KS ELISPOT system (Carl Zeiss, Hallbergmoos, Germany).

P. berghei challenge. Anopheles stephensi mosquitoes (SDA 500 strain) were
infected with P. berghei ANKA by allowing them to feed on P. berghei-infected
mice. The mosquitoes used for challenge had salivary gland sporozoite infection
rates of 60 to 90% at 18 to 20 days after the infectious blood meal. Two weeks
after the third immunization, mice were challenged by using feeding sporozoite-
infected A. stephensi mosquitoes or by intravenous inoculation of viable sporo-
zoites into the tail vein.

For the mosquito bite challenge, mosquitoes were allowed to bite each mouse
until blood was observed in the gut of five mosquitoes. After feeding, the
mosquito salivary glands were dissected, and the presence of sporozoites was
confirmed. For the sporozoite inoculation challenge, sporozoites were obtained
by dissection of infected mosquito salivary glands and injected through the tail
vein at a level of 50 to 1,000 parasites/mouse. For each challenge route, mice
were checked for P. berghei blood-stage infection by microscopic examination of
Giemsa-stained thin smears of tail blood prepared at least once a week after
challenge. A minimum of 50 fields (magnification, X400) were examined before
a mouse was determined to be negative for infection. Protection was defined as
the complete absence of blood-stage parasitemia for more than 3 weeks after
challenge.

Statistical analysis. The Mann-Whitney U test was used to compare antibody
levels for two groups, Tukey’s multiple comparison test was used to compare
numbers for different groups in the sporozoite-neutralizing assay and ELISPOT
assay, and the two-tailed Fisher’s extract probability test was used to compare the
numbers of surviving mice in different groups. Statistical analyses were per-
formed using SAS Japan, release 8.1. A P value of <0.05 was considered statis-
tically significant in these analyses.

RESULTS

Construction of baculovirus dual expression system. Con-
struction of AcNPV-Dual-PbCSP is shown in Fig. 1. AcNPV-
Dual-PbCSP harbored a gene cassette that consisted of the
gp64 signal sequence, the PbCSP gene fused to the N terminus
of the AcNPV major envelope protein gp64, and the rabbit
B-globulin poly(A) signal. Expression of the gene cassette was
driven by the dual promoter that consisted of the CMV imme-
diate early enhancer-promoter and the polyhedrin promoter.

AcNPV-Dual-PbCSP also had the endogenous gp64 gene in its
genome. Thus, a PbCSP-gp64 fusion protein was designed to
express both proteins on the viral envelope and in mammalian
cells. Construction of Ac(NPV-PbCSPsurf has been described
previously (59).

Budded baculovirus particles were purified from culture su-
pernatants and analyzed by Western blotting using anti-PbCSP
MAD 3D11, which was specific for the repeats of PbCSP, or
anti-gp64 MAb. Anti-PbCSP MAb recognized PbCSP ex-
pressed by AcNPV-PbCSPsurf and AcNPV-Dual-PbCSP as a
triplet with relative molecular masses of 120, 130, and 140 kDa
(Fig. 2, lanes 2 and 3), which corresponded to the predicted
relative molecular mass (125 kDa) of the PbCSP-gp64 fusion
protein. The triplet bands may have resulted from posttrans-
lational modification or degradation in the insect cells. No
specific band reactive with anti-PbCSP MAb was seen in
AcNPV-WT (Fig. 2, lane 1). Anti-gp64 MAb recognized both
the PbCSP-gp64 fusion protein and endogenous gp64 in
AcNPV-PbCSPsurf and AcNPV-Dual-PbCSP particles (Fig. 2,
lanes 5 and 6), whereas only endogenous gp64 was detected in
AcNPV-WT particles (Fig. 2, lane 4). Thus, PbCSP was incor-
porated into viral particles of AcCNPV-PbCSPsurf and AcNPV-
Dual-PbCSP as a PbCSP-gp64 fusion protein.

To verify that PbCSP was displayed on the viral envelope,
purified viral particles were analyzed by immunoelectron mi-
croscopy. As shown in Fig. 2B to D, specific immunogold
staining of PbCSP using anti-PbCSP MAb and anti-mouse
IgG—gold conjugate was detected on both ends of the viral
envelopes of AcNPV-PbCSPsurf and AcNPV-Dual-PbCSP
(Fig. 2C and D), whereas no gold staining was seen in
AcNPV-WT (Fig. 2B).

Next, we examined the ability of AcNPV-Dual-PbCSP to
drive PbCSP expression in mammalian cells by IFA. COS7
cells were exposed to purified particles of AcNPV-PbCSPsurf
and AcNPV-Dual-PbCSP. Strong immunofluorescence signals
were detected in cells exposed to AcNPV-Dual-PbCSP 48 h
after incubation (Fig. 2E), whereas no signal was seen in cells
exposed to AcNPV-PbCSPsurf (Fig. 2F). Thus, AcNPV-Dual-
PbCSP not only displayed PbCSP on the viral envelope but
also expressed it in mammalian cells.

Antibody responses in mice immunized with AcNPV-based
vaccines. The quantities and isotype profiles of PbCSP-specific
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FIG. 2. Expression of PbCSP-gp64 fusion protein. (A) Western
blot analysis of recombinant AcNPV particles. ACNPV-WT (lanes 1
and 4), AcNPV-PbCSPsurf (lanes 2 and 5), and AcNPV-Dual-PbCSP
(lanes 3 and 6) particles were treated with loading buffer containing
1% 2-mercaptoethanol and boiled for 5 min. Expression of the PbCSP-
gp64 fusion protein was examined using anti-PbCSP MAb (lanes 1 to
3) and anti-gp64 MAD (lanes 4 and 5). The asterisks and the arrowhead
indicate the positions of the PbCSP-gp64 fusion protein and endoge-
nous gp64, respectively. (B to D) Electron micrographs of recombinant
AcNPVs displaying PbCSP on the viral envelope. AcNPV-WT (B),
AcNPV-PbCSPsurf (C), and AcNPV-Dual-PbCSP (D) were treated
with anti-PbCSP MAD, followed by labeling with anti-mouse IgG—gold
conjugate. Both ends of the viral envelope were strongly labeled with
gold particles (arrows). Bars, 100 nm. (E and F) In vitro expression
analysis of PbCSP by transducing recombinant AcNPV particles in
mammalian cells. COS7 cells were transduced with AcNPV-Dual-
PbCSP (E) and AcNPV-PbCSPsurf (F) at a multiplicity of infection of
10. Forty-eight hours later, cells were fixed with 5% paraformaldehyde,
which was followed by permeabilization with 0.1% Triton X-100 in
PBS and incubation with anti-PbCSP MAb. Bound antibodies were
detected with fluorescein isothiocyanate-labeled anti-mouse IgG by
fluorescence microscopy (green). Cell nuclei were visualized by DAPI
staining (blue). Original magnification, X400.

antibodies induced by AcNPV-based vaccines were deter-
mined by ELISA. Immunization with both AcNPV-PbCSPsurf
and AcNPV-Dual-PbCSP induced high levels of PbCSP-spe-
cific total IgG (Fig. 3A). Analysis of PbCSP-specific IgG sub-
classes revealed that AcCNPV-PbCSPsurf and AcNPV-PbCSP-
surf immune sera contained predominantly IgG1 and IgG2a
(IgG1/1gG2a ratios, ~1.03 and ~0.52, respectively), indicating
that there was activation of both Thl- and Th2-type cells.

BACULOVIRUS DUAL EXPRESSION SYSTEM FOR MALARIA VACCINE 1785

A_§ 106

105

104

103

Anti-PbCSP IgG antibody t

b s

AcNPV-PbCSPsurf ~ AcNPV-Dual-PbCSP

102

v y)
S

N

o

5 8

e}

£

2 6;

>

o

Q

o 41

<

Z

T 5

@

— 0 — > ——
Non- AcNPV- AcNPV- 3D11

immunized PbCSPsurf Dual-PbCSP mAb

FIG. 3. Anti-PbCSP antibody response and antibody-mediated
sporozoite-neutralizing activity. Cohorts of mice were immunized with
AcNPV-Dual-PbCSP or AcNPV-PbCSPsurf. Sera were collected from
individual mice 3 weeks after the final immunization. (A) Antibody
isotype responses to PbCSP. Individual sera from mice immunized
with AcNPV-Dual-PbCSP (n = 13) or AcNPV-PbCSPsurf (n = 33)
were tested using ELISA for total IgG, I1gG1, IgG2a, IgG2b, and I1gG3
antibodies specific for PbCSP. The bars and error bars indicate means
and standard deviations. There was no statistically significant differ-
ence between the two groups. (B) Sporozoite neutralization assay.
Viable P. berghei sporozoites were incubated with sera from mice
immunized with AcNPV-Dual-PbCSP or AcNPV-PbCSPsurf. Sporo-
zoites (5 X 10° cells) incubated with sera were added to cultured
HepG?2 cells, and the levels of P. berghei 18S rRNA were determined
by reverse transcription-PCR after 72 h of incubation. The bars and
error bars indicate means and standard deviations for 5 of 10 immune
serum samples that had a positive ELISA titer for PbCSP (>1:10,000).
The controls included P. berghei sporozoites incubated with 25 pg/ml
anti-PbCSP MADb 3D11 or nonimmune serum. Compared with the
results for the nonimmune serum, all three samples significantly re-
duced the number of the 18S rRNA copies (P < 0.01).

There was no statistically significant difference in the total IgG
titers or the titers of any subclass of IgG between the two
groups. We confirmed by IFA that these antibodies strongly
bound to P. berghei sporozoites (see Fig. S5 in the supplemen-
tal material).

To determine the role of antibodies, sera from immunized
mice were tested for biological activities using an in vitro
sporozoite-neutralizing assay. The sera from mice immunized
with AcNPV-PbCSPsurf and AcNPV-Dual-PbCSP signifi-
cantly blocked sporozoite invasion of HepG2 cells (P < 0.01)
(Fig. 3B). The mean parasite rRNA levels in the sera from
mice immunized with AcNPV-PbCSPsurf and AcNPV-Dual-
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FIG. 4. ELISPOT responses in mice immunized with AcNPV-
based vaccines. The numbers of IFN-y-secreting cells per 10° spleno-
cytes that reacted with the Pb9 peptide were counted using an ELISPOT
assay. The bars and error bars indicate means and standard deviations
for the numbers of spot-forming cells (SFC) from triplicate cultures for
each group. The group immunized with AcNPV-Dual-PbCSP had sig-
nificantly higher (P < 0.05) ELISPOT counts than the group immu-
nized with AcNPV-PbCSPsurf.

PbCSP were markedly reduced to 10.2% (7,454 + 2,331 cop-
ies) and 4.8% (3,529 = 2,411 copies) of the mean parasite
rRNA levels in the nonimmune sera (73,245 = 10,001 copies),
respectively. These levels of inhibition were equivalent to that
observed when sporozoites were incubated with protective
MADb 3D11 specific for PbCSP repeats (8.5%: 6,213 = 656
copies).

Cellular immune responses in mice immunized with AcNPV-
based vaccines. To examine whether the baculovirus dual ex-
pression system induced antigen-specific T-cell responses, we
performed an ELISPOT assay with splenocytes from immu-
nized mice to visualize IFN-y secretion. Compared with the
results for immunization with AcNPV-PbCSPsurf, immuniza-
tion with AcNPV-Dual-PbCSP induced significantly higher
(P < 0.05) levels of PbCSP-specific IFN-y-secreting spleno-
cytes in response to stimulation with the Pb9 synthetic peptide,
the H2-K? CD8* T-cell epitope of PbCSP (Fig. 4). In some
experiments, we observed relatively high levels of nonspecific
IFN-y secretion in splenocytes from mice immunized with
AcNPV-WT (data not shown), which is consistent with the
findings of a previous study (19).

Protection against natural infection by feeding P. berghei-
infected mosquitoes. To address whether the enhanced CD8™
T-cell responses in mice immunized with AcNPV-Dual-PbCSP
improved protective efficacy, we first compared the abilities of
AcNPV-Dual-PbCSP and AcNPV-PbCSPsurf to protect mice
against challenge with P. berghei. Mice immunized three times
were challenged by using feeding P. berghei-infected mosqui-
toes, and the blood-stage parasites were monitored for a
3-week period. Cumulative data from independent experi-
ments are shown in Table 1. Significant protection was ob-
served in mice immunized with AcNPV-PbCSPsurf (P < 0.01).
Notably, all 33 mice immunized with AcNPV-Dual-PbCSP
showed complete protection. Not all mosquitoes with infec-
tious sporozoites in their salivary glands successfully initiated
malaria infections when they fed on control groups of mice
(26% uninfected). Similar infection rates for nonimmunized
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TABLE 1. Protection of mice immunized with AcNPV-based vaccines
against challenge by feeding P. berghei-infected mosquitoes

Complete
protection: no.

Delayed parasitemia: no. of
uninfected mice/total no.

Vaccine (%)* of protected
mice/total no.
6 days 10 days (%)"
None 26/53 (49)  14/53(26)  14/53 (26)°
AcNPV-WT 6/20 (30) 5/20 (25) 520 (25)
AcNPV-CMV-PbCSP 5/10 (50) 5/10 (50) 5/10 (50)
AcNPV-PbCSPsurf 18/20 (90)  16/20 (80)  16/20 (80)°
AcNPV-Dual-PbCSP 33/33 (100) 33/33 (100) 33/33 (100)“'"1

“ Mice were checked for P. berghei blood-stage infection by microscopic ex-
amination of Giemsa-stained thin smears of tail blood prepared at least once a
week after challenge. Once parasites appeared in the blood, all mice died.

> Complete protection was defined as the complete absence of blood-stage
parasitemia for over 3 weeks after challenge. All infected mice died within 3
weeks after challenge.

¢ Cumulative data from two to four independent experiments.

4 Statistically significantly (P < 0.01) different compared to the nonimmunized
group in individual experiments, as calculated by Fisher’s exact probability test.

mice after they were bitten by mosquitoes have been reported
by other workers (35, 41).

Protection against challenge by intravenous inoculation of
P. berghei sporozoites. For experimental infection, intravenous
inoculation of sporozoites dissected from the salivary glands of
mosquitoes has been used extensively to evaluate CSP-based
vaccines against liver-stage parasites. Immunized mice were
challenged by intravenous inoculation of 50, 200, or 1,000
viable sporozoites per mouse. The infection rates in immu-
nized mice were compared with those in naive control mice
(Table 2). When immunized mice were challenged with 200
sporozoites, 70% of the mice did not develop parasitemia
within 6 days after challenge (delayed onset of parasitemia),
and 60% were completely protected (P < 0.05). Even in the
group challenged with 1,000 sporozoites, 40% of the immu-
nized mice showed delayed onset of parasitemia, and 10%

TABLE 2. Protection of mice immunized with AcNPV-Dual-PbCSP
against challenge by intravenous injection of P. berghei sporozoites

Delayed parasitemia: Complete
No.of  no. of uninfected mice/ ~ Protection:
Vaccine sporozoites total no. (%)* no. of
. protected
injected :
mice/total no.
6 days 10 days (%)"
None 50 4/15(27)  3/15(20)  3/15 (20)°
AcNPV-Dual-PbCSP 50 14/15(93) 10/15 (67) 10/15 (67)
None 200 520 (25)  3/20 (15)  3/20 (15)°

AcNPV-Dual-PbCSP 200  14/20 (70) 12/20 (60) 12/20 (60)°

None
AcNPV-Dual-PbCSP

1,000
1,000

0/10 (0)
4/10 (40)

0/10 (0)
1/10 (10)

0/10 (0)
1/10 (10)

“ Mice were checked for P. berghei blood-stage infection by microscopic ex-
amination of Giemsa-stained thin smears of tail blood prepared at least once a
week after challenge. Once parasites appeared in the blood, all mice died.

> Complete protection was defined as the complete absence of blood-stage
parasitemia for over 3 weeks after challenge. All infected mice died within 3
weeks after challenge.

¢ Cumulative data from two independent experiments.

4 Statistically significantly (P < 0.05) different compared to the corresponding
nonimmunized group in individual experiments, as calculated by Fisher’s exact
probability test.
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were completely protected. Although a higher number of
sporozoites resulted in a reduction in the protective efficacy of
AcNPV-Dual-PbCSP, the delayed onset of parasitemia at days
6 and 10 after challenge indicated that there was a reduction in
the liver-stage parasite burden (>80% reduction for 1-day
delayed onset compared with controls [45]). All groups of mice
immunized with AcNPV-Dual-PbCSP had consistently higher
protection or delayed onset of parasitemia compared with non-
immunized control groups. In the P. berghei-BALB/c model,
1,000 sporozoites delivered by intravenous inoculation were
required to establish infection in 100% of the nonimmunized
mice, which corresponds to the number described previously
(26).

DISCUSSION

We have developed the baculovirus dual expression system,
which is designed to facilitate the development of multifunc-
tional vaccines capable of inducing strong humoral and cellular
immune responses. In the present study, we applied this system
to generation of a novel malaria vaccine (AcNPV-Dual-
PbCSP), which possesses a single gene cassette that consists of
the PbCSP-gp64 fusion gene under control of the CMV-poly-
hedrin dual promoter. AcNPV-Dual-PbCSP not only displayed
PbCSP on the viral envelope but also expressed it upon trans-
duction of mammalian cells. Immunization with AcNPV-Dual-
PbCSP induced high anti-PbCSP antibody titers and PbCSP-
specific IFN-y-secreting CD8™ T cells. Recently, Strauss et al.
(53) have developed a P. falciparum CSP-based baculovirus
vaccine that possesses two gene cassettes consisting of the
PfCSP gene under control of the CMV promoter and the
PfCSP-gp64 fusion gene under control of the polyhedrin pro-
moter. Similar to our system, their baculovirus-based vaccine
can induce CSP-specific antibody and T-cell responses in mice,
suggesting its potential for human malaria vaccine develop-
ment. Currently available vaccine adjuvants are generally ef-
fective at eliciting antibody responses, but few nonreplicating
vaccine adjuvants are able to generate strong CD8" T-cell
responses against protein antigens (38). Thus, the baculovirus
dual expression system is a novel adjuvant-free and nonrepli-
cating vaccine vector system that is capable of inducing strong
humoral and cellular immune responses.

AcNPV-Dual-PbCSP formed “sporozoite-like” particles
with an oligomeric PbCSP-gp64 complex (data not shown)
(59), and AcNPYV itself also possesses strong adjuvant proper-
ties for activating DC-mediated innate immunity through
MyDS88/Toll-like receptor 9-dependent and -independent
pathways (1). Thus, the baculovirus dual expression system
constitutes an innate immunostimulating complex and func-
tions as a subunit and DNA vaccine for generating strong
humoral and cellular immune responses, including CD8" T-
cell responses. The immune mechanism that underlies the pro-
tection conferred by the baculovirus dual expression system
may result mainly from the humoral and cellular immunity
induced by combination of the baculophage- and BacMam-
type vaccines. However, further studies are needed to elucidate
the exact mechanism, including the involvement of innate
immunity.

We evaluated the vaccine efficacy of AcCNPV-Dual-PbCSP
by using two challenge routes. One of these routes was bites of
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P. berghei-infected mosquitoes. This route was chosen because
it closely mimics the natural route of malaria transmission (27,
56). During blood feeding, mosquitoes probe the skin to search
for blood vessels and inject sporozoites along with saliva into
the host skin. Most sporozoites injected are deposited in the
skin for about 0.5 h, until their motility enables them to invade
the dermal blood vessels (5, 55). At this “skin stage” (51, 52),
anti-CSP antibodies inhibit sporozoite motility and attachment
to target cells and prevent the sporozoites from entering the
circulation. Therefore, this challenge route is suitable for eval-
uating the efficacy of sporozoite-neutralizing antibodies in-
duced by CSP-based vaccines before liver invasion. After mos-
quito bite challenge, AcNPV-Dual-PbCSP provided a level of
protection of 100%, compared with the 80% protection ob-
served with AcNPV-PbCSPsurf. Both immunization with
AcNPV-PbCSPsurf and immunization with AcNPV-Dual-
PbCSP induced high anti-PbCSP antibody titers, and both im-
mune sera strongly inhibited ~90% of sporozoite invasion into
HepG?2 cells in vitro. This suggests that CSP-specific antibodies
make a major contribution to protection against natural infec-
tion. Clinical trials have reported that the protection mediated
by RTS,S/AS02A is linked to antibodies to the CSP repeat
region in malaria-naive (28-30) and malaria-experienced
adults (9) and infants (6), suggesting that the anti-CSP anti-
body titer is an important criterion for CSP-based vaccines.

The other challenge route was intravenous inoculation of
viable sporozoites. This route has been used extensively to
evaluate CSP-based vaccines against preerythrocytic parasites,
because sporozoites can reach the liver within a few minutes
when mosquitoes take blood directly from the circulation (49).
Although after intravenous challenge with 1,000 sporozoites
only 10% protection was obtained with AcCNPV-Dual-PbCSP,
delayed onset of parasitemia was observed in 40% of the im-
munized mice. Studies with rodent malaria models have pro-
vided definitive evidence that, at the preerythrocytic stage,
CD8™ T cells play an important role in killing the parasites in
the liver (21, 22, 47, 48). It has been reported that sterile
protection against intravenous challenge with 1,000 sporozo-
ites requires induction of 0.1 to 0.2% of the CSP-specific CD8"
spleen T cells (46, 47). Presumably, AcNPV-Dual-PbCSP did
not induce this number of PbCSP-specific CD8™ spleen T cells.
Consequently, AcNPV-Dual-PbCSP could reduce the number
of liver-stage parasites and affect the appearance of the para-
site in the blood, but it could not eliminate all infected hepa-
tocytes. The mechanism by which such a response mediates
protection is, however, poorly understood. Since passive trans-
fer of MAb against sporozoites can also protect against intra-
venous sporozoite challenge (40), further studies using knock-
out mice are required to define the precise protective
mechanism of AcNPV-Dual-PbCSP.

Most studies of the development of CSP-based vaccines in
animal models have evaluated vaccine efficacy by using intra-
venous sporozoite challenge (24, 42, 43, 47). In contrast, hu-
man clinical trials invariably utilize mosquito bite challenge
(15, 18, 37, 57). An ideal CSP-based vaccine should elicit
strong CSP-specific humoral and cellular immune responses
and confer sterile protection with both challenge routes.
Therefore, rational optimization of the baculovirus dual ex-
pression system (e.g., combination and route of administration
and increase in protein expression levels) is needed to improve
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vaccine efficacy. Alternatively, the system may serve as a good
priming agent in heterologous prime-boost immunization reg-
imens using other vaccine candidates that can elicit CD8"
T-cell responses against CSP, because it can induce both CSP-
specific Th1 responses and CSP-specific Th2 responses.

More recently, it has been found that CD8* T cells that
protect against liver-stage parasites are primed in the skin
lymph nodes by DC that cross-present CSP of skin-stage par-
asites, and this CD8" T-cell activation appears to be depen-
dent on Toll-like receptor 9 signaling (13). The results of this
previous study suggest an additional strategy for developing
more effective vaccines based on the baculovirus dual expres-
sion system. For example, intradermal inoculation of ACNPV-
Dual-PbCSP may induce CD8™" T cells active against sporozo-
ites more effectively than intramuscular inoculation does.
Other applications of the vaccine platform include mucosal
immunization, for which we have found that the baculovirus
dual expression system is effective against the erythrocytic
stage of the parasite (S. Yoshida, unpublished data).

For clinical application, the baculovirus dual expression sys-
tem has great potential to improve the safety and manufacture
of current vaccines, compared with other virus-vectored ma-
laria vaccine candidates (e.g., vaccinia virus, adenovirus, yellow
fever virus, and vesicular stomatitis virus) described in a work-
shop organized by the PATH Malaria Vaccine Initiative (32).
For example, AcNPV virions that are incapable of DNA rep-
lication in mammalian cells may provide the highest level of
safety. A lot of biological knowledge about baculoviruses has
been accumulated from the long-term experience of the silk
industry. A fermentation method used in the manufacturing
process has already been developed, as baculoviruses are now
being utilized for production of clinically useful proteins. The
simplicity of production of AcNPV may translate into econom-
ical large-scale manufacture of AcNPV-based vaccines. We are
now constructing a baculovirus dual expression system for ex-
pressing P. falciparum CSP. After evaluating the efficacy and
safety of this system, we intend to advance it to the clinical
stage.
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